90% of the variation among GϩGL deviations. One cluster consisted of populations average in adaptation, four clusters consisted of popula-
and sustained efforts. No cultivar contains more than tions that were largely unadapted across the entire region, and three three cycles of selection and recombination from esclusters consisted of populations that were specifically adapted to sentially wild or natural germplasm, and most cultivars the entire region or a large part thereof. Much of the grouping and represent one cycle of selection or less (Alderson and adaptation characteristics could be explained by similar pedigrees, Sharp, 1994; Hanson, 1972) . Therefore, much of the selection history, and selection location. However, the phenotypic variability present among smooth bromegrass cultivars similarity of some superior, but divergent-pedigree populations sugand breeding populations arose from natural selection gested that alleles for high and stable forage yield in smooth bromeand adaptive responses. Cultivar rankings for forage yield have low to moderate correlations between locations, many with negative values . Differential management factors among locations such as harvest frequency and ni-S mooth bromegrass is native to eastern Europe and trogen fertilization rate, and environmental factors such western Asia. It was introduced into North America as soil type could not account for any part of the rank in 1884 and spread rapidly throughout the Great Plains correlation pattern among locations , region, largely because of its superior performance in unpublished data). However, the combination of latiplot trials. Between 1942 and 1950, several cultivars tude and longitude differential within location pairs acwere released as direct increases of introduced ecotypes counted for 22% of the variation in the pattern of 21 or as naturalized selections of these ecotypes. Large rank correlations for forage yield among seven locations differences among seed lots in establishment capacity (Casler et al., 2000, unpublished data) . Longitude was and forage production provided the basis for these inithe most important factor, decreasing rank correlations tial "land race" cultivars. 'Lincoln' has always been the by 0.02 for each additional degree of longitude differenmost widely grown of these land races, presumably betial within a location pair. Previous studies have shown cause of its superior performance in regional trials and latitude to be an important factor regulating GL interactions for forage yield of smooth bromegrass, but have largely ignored GL interactions related to longitude (Knowles and White, 1949; Thomas et al., 1958) . paragraph. The contrast analyses used in the first part focused on breeding progress and were allowed to thicken for one additional year prior to data did not lend themselves to any deterministic analysis of collection. Forage yield of the entire plot in Illinois, West GL interactions for these populations and cultivars.
Virginia, and Wisconsin, or a 0.9-m-wide swath in Kansas, Nebraska, New York, and North Dakota was measured fol-
MATERIALS AND METHODS
lowing cutting with a flail chopper or sickle-bar mower. Cutting height was 9 cm at each location, except West Virginia Twenty-nine smooth bromegrass populations or cultivars (7 cm). A 300-to 500-g fresh-weight sample was taken on were included in the experiment and their pedigrees were each plot for dry matter determination. Average maturity reported by Casler et al. (2000) . Selection of specific entries stages of first harvest were as follows: Illinois-late jointing; and the total number of entries was based strictly on availabilNebraska, New York, West Virginia, and Wisconsin-between ity of seed. Due to insufficient seed, some entries were not head emergence and anthesis; North Dakota-initial seed ripplanted at all locations. All cultivars were represented by ening; and Kansas-dough stage. Smooth bromegrass cultivar certified seed and all experimental populations were reprerankings are not affected by the timing of first harvest or sented by Syn-2 or later seed from breeders' increases.
the frequency of hay harvests (Fortman, 1953) . Data were The experiment was planted at seven locations in a randomcollected for 3 yr at each location, except Kansas and New ized complete block design at each location (Fig. 1) . Latitude, York (2 yr each). longitude, and soil types for each location are provided by Forage yields for each plot were averaged over years, be Casler et al. (2000) . There were three replicates at each locacause population ϫ year interactions were generally not signiftion, except at Hutchinson, KS, and Mead, NE, where there icant . Because of the lack of balance were four replicates each. Plots were planted in spring 1991 between populations and locations (Table 1) , traditional in Illinois, Kansas, Nebraska, and Wisconsin, or in spring 1992 population ϫ location interactions could be estimated only at the other locations. Plot size was 0.9 by 3.0 m in Illinois, for small subsets of populations and locations. Therefore, a West Virginia, and Wisconsin; 1.5 by 4.0 m in New York; method was devised which pooled the population and pop-1.5 by 4.6 m in Kansas and Nebraska; and 1.5 by 6.1 m in ulation ϫ location interaction (GϩGL) effects in a manner North Dakota.
analogous to that of Lin and Binns (1988) for their unbalanced Seeding-year management involved occasional clipping to data set. control annual weeds and nitrogen fertilization to stimulate Each datum was converted into a deviation from the locaseedling growth. Nitrogen fertilization during harvest years tion mean by computing x ijk ϭ X ijk Ϫ M .j. , where X ijk ϭ the ranged from 45 to 112 kg N ha Ϫ1 distributed in one to three observation on the ith population in the kth block at the jth applications per year . Fertilization with location and M .j. ϭ the mean of the jth location. A mixed-P and K was done according to soil test results. The number models analysis was performed on the x ijk values by means of of harvests per year ranged from one to three and was largely dependent on precipitation and temperature (Casler et because of breeding (Fehr, 1984; Veronesi, 1991) 
Population
North ‡ South ‡ P-value § West ‡ East ‡ P-value § and the interaction effect of the ith population with the jth location, GL ij , in a traditional factorial analysis), and ε ijk ϭ the photoperiod, temperature, and snowfall or snow cover. The effect of longitude was largely due to differential precipitation, 538862) that are generally more adapted to northern humidity, temperature, and soil type. No effort was made to latitudes in North America (Thomas et al., 1958) , perseparate these confounding factors of latitude or longitude.
forming as expected in this study. Two of the other three trasts were used to test differences between pairs of means Eight populations showed differential adaptation to for north vs. south and west vs. east. These latter contrasts western vs. eastern locations with P Ͻ 0.05 (Table 2) . 
RESULTS AND DISCUSSION
resistance to brown leafspot [caused by Pyrenophora Eight populations showed a significant (P Ͻ 0.05) bromi (Died) Drechs.]. PL-BDR1 has undergone four differential adaptation to northern vs. southern locacycles of selection for resistance to brown leafspot, tions ( Table 2) . Four of these were meadow or intermestrictly in artificial indoor environments (Berg et al., 1986) . It is unclear why it would be preferentially diate climatypes (Carlton, Magna, PI 538859, and PI the three cluster groupings described above (Fig. 3) . were obtained on the basis of the first principal component. The first two principal components, which toadapted to western environments where the brown leafgether accounted for 92% of the variation, were suffispot organism is not prevalent. Three Wisconsin populacient to illustrate multidimensional separation of all tions (Alpha, WB19e, and WB20e) were preferentially eight clusters (Fig. 3 ). adapted to eastern locations, most likely reflecting their Clusters C and D were most closely associated with pedigree and selection history which are associated with Cluster E, the three Siberian PIs (Fig. 2 and 3 ). Clusters the more humid and high-rainfall regions. The preferen-C and D had low mean GϩGL deviations for three of tial adaptation of Lyon and Manchar to eastern locathe four geographic pseudovariables, while Cluster E tions was puzzling, as both were identified and selected had low mean values for all four pseudovariables (Taunder relative dryland conditions (the southern Great ble 3). Populations in Cluster C were better adapted Plains and eastern Washington, respectively). This obto northern sites, while the population in Cluster D, Manservation suggests that accessions and land races sechar, was better adapted to eastern sites. Four of the lected at a particular site or environment may not be five populations in Clusters C and D were meadow or best suited to that site or environment. There is no intermediate climatype cultivars (Carlton, Magna, Mansubstitute to a broad regional yield test to determine char, and Signal). The fifth population, WB10-hD is adaptation range of smooth bromegrass cultivars. a steppe climatype developed at Wisconsin and probaCluster analysis based on the four pseudovariables in bly clustered with the meadow and intermediate clima- Table 2 resulted in eight clusters that described 90% of types because of its uniformly below-average forage the variation within Table 2 (Fig. 2) . The eight clusters fell into three distinct groups on the basis of mean GϩGL deviations (Table 3) : Cluster A which contained populations of average forage yield across the entire region, Clusters B through E, which consisted of populations that were largely unadapted across the entire region, and Clusters F through H, which consisted of populations that were specifically adapted to the entire region or a large part thereof. Cluster E was the most unique ( Fig. 2) because it contained three plant introductions which were completely unadapted to the entire geo- (Table 3) . These three PIs nents of the four geographic pseudovariables. Letters A-H are are meadow climatypes that were collected from the cluster identifications (Fig. 2 and central and eastern USA. yield potential (Table 1) . Populations in Cluster B, Lantion interaction provided us with a mechanism for develcaster and NE-BI-2, were relatively unadapted to northoping inferences about GL interactions in a highly unern or eastern sites, but only of moderate adaptation balanced data set. Smooth bromegrass populations were to southern or western sites (Table 3) . Because both rather easily clustered into groups that reflected differLancaster and NE-BI-2 originated in the southern Great ences in forage yield potential and differential adaptaPlains, it is logical that they be best adapted to that part tion to zones within the central and eastern USA. Much of the region shown in Fig. 1 . However, their lack of of the grouping and adaptation characteristics could be high positive GϩGL deviations indicates that these two explained by similar pedigrees, selection history, and populations showed only moderate adaptation to sites selection location. However, the phenotypic similarity within their zone of origin.
of some superior, but divergent-pedigree populations Clusters F, G, and H are the most interesting, because suggested that alleles for high and stable forage yield they consist generally of populations with high mean in smooth bromegrass probably exist in numerous germforage yield (large and positive GϩGL deviations) with plasm sources. If many of these alleles are complemena relatively broad adaptation range (positive GϩGL tary, and the performance of WB19e suggests this posdeviation across the geographic range). Cluster F consists sibility, this indicates considerable potential for future of six populations that were selected in Iowa (Barton and improvements of forage yield of smooth bromegrass. Beacon), Nebraska (Lincoln,  Key to utilizing these diverse sources of alleles will be and NE-BI-1), or Wisconsin (WB20e). Barton is 25% maximizing recombination among diverse germplasm Lincoln, Beacon is 38% Lincoln, and WB20e is 50% sources or, if heterotic groups can be identified, strain Lincoln (Alderson and Sharp, 1994) . NE-BI-1 is derived crossing between complementary heterotic germplasm largely from plant introductions that were subjected sources. to selection in eastern Nebraska. While Cluster F had positive and significant mean GϩGL deviations for all four geographic regions, its populations were more
